Hypoxic damage to the prefrontal cortex (PFC) has been implicated in the frontal lobe dysfunction found in various neuropsychiatric disorders. The underlying subcortical mechanisms, however, have not been well explored. In this study, we induced a PFC-specific hypoxia-like damage by cobalt-wire implantation to demonstrate that the role of the mediodorsal thalamus (MD) is critical for the development of frontal lobe dysfunction, including frontal lobe-specific seizures and abnormal hyperactivity. Before the onset of these abnormalities, the cross talk between the MD and PFC nuclei at theta frequencies was enhanced. During the theta frequency interactions, burst spikes, known to depend on T-type Ca 2ϩ channels, were increased in MD neurons. In vivo knockout or knockdown of the T-type Ca 2ϩ channel gene (Ca V 3.1) in the MD substantially reduced the theta frequency MD-PFC cross talk, frontal lobe-specific seizures, and locomotor hyperactivity in this model. These results suggest a two-step model of prefrontal dysfunction in which the response to a hypoxic lesion in the PFC results in abnormal thalamocortical feedback driven by thalamic T-type Ca 2ϩ channels, which, in turn, leads to the onset of neurological and behavioral abnormalities. This study provides valuable insights into preventing the development of neuropsychiatric disorders arising from irreversible PFC damage.
Introduction
Abnormal oscillations or excitability has been a key neurological sign for frontal lobe dysfunction in neurological and psychiatric disorders (McAllister and Price, 1987; Barry et al., 2003; Gucuyener et al., 2003; Wienbruch et al., 2003; Tan and Appleton, 2005; Beleza et al., 2009) ; for example, the 1-7 Hz oscillations seen in schizophrenia (Elbert et al., 1992) , the enhanced theta rhythms in attention deficit hyperactivity disorder (ADHD) (Barry et al., 2003) , and the frontal lobe-specific paroxysms in frontal lobe epilepsy (FLE), which lead to ADHD-like abnormalities in childhood (Hernandez et al., 2001; Gonzalez-Heydrich et al., 2007) and schizophrenia-like symptoms in adults (Adachi et al., 2000; Helmstaedter, 2001; Patrikelis et al., 2009) .
Considering the critical role of thalamic neurons in controlling cortical excitability, synchrony, and resonance in various physiological and pathophysiological states of the brain (McCormick and Bal, 1994; Steriade and Contreras, 1995; Steriade, 2006; Ernst et al., 2009) , the abnormal frontal lobe rhythms seen in patients with frontal lobe dysfunction could be attributed to the thalamus. This hypothesis has not been explored, probably due to an assumption that frontal lobe excitability can be explained by impairments or damage to the neurons in the frontal cortex (Luria et al., 1964; McAllister and Price, 1987; Stuss and Gow, 1992; Paradiso et al., 1999; Kellinghaus and Lüders, 2004; Max et al., 2005; Millichap, 2008) .
Hypoxic damage in the frontal cortex, which is induced by various conditions including traumatic damages, tumors, and fetal hypoxia (Ishige et al., 1987; Choi, 1990) , has been one of the most frequent causes underlying the development of frontal lobe dysfunctions (Damasio and Anderson, 1985; Owen et al., 1990 Owen et al., , 1993 Shallice and Burgess, 1991; Stuss and Gow, 1992; Pigula et al., 1993; Höckel and Vaupel, 2001) . Based on the fact that cobalt (Co) ions trigger signaling pathways which are activated by hypoxia (Piret et al., 2002) , we establish a murine model of frontal lobe dysfunction by implanting a wire made of Co in the prefrontal cortex (PFC) and demonstrate how the role of the thalamus is involved in the development of frontal lobe dysfunction in the model.
Materials and Methods

Animals
Animal care and handling were performed according to the directives of the Animal Care and Use Committee of Korea Advanced Institute of Science and Technology. The Ca V 3.1Ϫ/Ϫ and wild-type littermate con-trol mice were generated by mating heterozygotes from C57BL/6J backgrounds. Mice were maintained with free access to food and water under a 12 h light/dark cycle.
Mouse model of FLE generated using a wire form of cobalt
C57BL/6J male and female mice (10 -20 weeks old) were prepared for Co-wire implantation. Under avertin (0.2%) anesthesia (tribromoethanol, 20 mg/ml, i.p.), we implanted a piece of Co-wire (500 m diameter, Alfa Aesar) with the radial orientation (vertical to the cortical surface) into the right dorsolateral PFC (anteroposterior, 2.6 mm; lateral, 1.8 mm; ventral, 1.3 mm) using a stereotaxic device (David Kopf Instruments). An epidural electrode for EEG recordings was implanted in the right frontal cortex, where the cobalt was implanted, and another electrode was implanted in the left frontal and temporal cortexes (right frontal: anteroposterior, 2.8 mm; lateral, 0.8 mm; left frontal: anteroposterior, 2.8 mm; lateral, 0.8 mm; right temporal: anteroposterior, Ϫ2.4 mm; lateral, Ϫ2.4 mm; left temporal: anteroposterior; Ϫ2.4 mm, lateral, 2.4 mm). A grounding electrode was implanted in the occipital region of the skull. After 3 d of recovery, the EEG signal and video recording were acquired for 30 d, during which mice were free to explore an EEG chamber (a square-floor rectangular box). EEG signals were amplified (model 7H polygraph, Grass Technologies) and digitized at a sampling rate of 500 Hz (DIGIDATA 1320A, Molecular Devices). pClamp9.2 software (Molecular Devices) was used for data acquisition. To induce secondary generalization, low-dose homocysteine thiolactone (HT) (Fluka) was injected intraperitoneally (550 mg/kg), 7 d after Co-wire implantation (7.0 Ϯ 0.8 d on average) (Walton and Treiman, 1988) .
Magnetic resonance imaging
For magnetic resonance imaging (MRI), mice with Co-wire implantation (5 d after Co-wire implantation) were anesthetized and set into an MR compatible cradle. During MRI, the animals were anesthetized by breathing 2% isoflurane into oxygen-enriched air with a facemask. The rectal temperature was carefully monitored and maintained at 36 Ϯ 1°C. The MRI acquisitions were performed on a 4.7 T horizontal MRI (Biospec, Bruker) with a shielded gradient coil 65 mm in diameter. The experiments were performed using a 38 mm internal diameter birdcage coil (Bruker). The measurements were performed using the parameters given below. T1-weighted images were obtained using a fast spin-echo sequence with the following parameters: pulse repetition time (TR) ϭ 1500 ms; echo time (TE) ϭ 10 ms; matrix size ϭ 256 ϫ 256; field of view (FOV) ϭ 25 mm; slice thickness (ST) ϭ 1 mm; pixel resolution ϭ 100 ϫ100 m; and acquisition time for one set ϭ 6.7 min.
T2-weighted images were obtained using a fast spin-echo sequence with the following parameters: TR ϭ 4200 ms; TE ϭ 36 ms; matrix size ϭ 256 ϫ 256; FOV ϭ 25 mm; ST ϭ 1 mm; pixel resolution ϭ 100 ϫ100 m; and acquisition time for one set ϭ 11.5 min.
Histology and immunoblotting
For the histological analysis of cell death, brain was placed in phosphatebuffered 4% formalin for 24 h and embedded in paraffin for sectioning on a microtome into 5 m slices, which were stained with hematoxylin and eosin after deparaffination. The brain slices were visualized under a bright-field microscope (Olympus). For immunoblotting, brains were isolated on ice and cut into 1 mm slices using a brain matrix (RBMA- Figure 1 . PFC lesions caused by Co-wire lead to increased RBCs, ghost cells, and VEGF expression 5 d after Co-wire implantation. a, The brains of the cobalt-implanted group showed bloody scarring, and MRI displayed that Co-wire implantation led to more profound damage in the PFC than tungsten wire. b, Representative images with hematoxylin/eosin staining of the cobalt-and tungsten-implanted groups. The cobalt group showed increased neuronal death (images 1 and 2 in the Co-wire group) with increased blood cells (an arrow shows RBCs in image 1 in the Co-wire group), and ghost cells (four arrows show the pink ghost cells in image 2 in the Co-wire group), while the tungsten-implanted group showed damaged neuronal cells in limited regions (image 1 in tungsten-implanted group) with morphologically normal neurons in the surrounding area (image 2 in tungsten-implanted group). Left, Ipsilateral PFC (100ϫ); middle, magnified image 1 of ipsilateral PFC (1000ϫ); right, magnified image 2 of ipsilateral PFC (1000ϫ). c, RBCs and ghost cells were significantly increased in cobalt-implanted group. Morphologically normal neurons were largely decreased in Co-wire-implanted group, compared with nonlesion control and tungsten-implanted groups. Arbitrary units (AU) were calculated by dividing the number of neurons in right PFC by the number of neurons in left Fear-conditioning test. Fear conditioning was conducted in conditioning chambers (acrylic test station, dim light, metal grid floor; San Diego Instruments) and a testing chamber (a white plastic, circular cylinder). A video camera was mounted on top of the chambers. The fear-conditioning procedure was conducted over 2 d. On day 1, each mouse was acclimated to the conditioning chamber (4 min, 40 s) and then given three pairs of a conditional stimulus (tone, 20 s, 5 kHz, 75 dB) that coterminated with an unconditional stimulus (foot shock, 2 s, 0.7 mA). The trial interval was 60 s. On the day of testing, the freezing responses to the conditional stimulus were measured in the testing chamber with test tones (180 s). To test contextual conditioning, the mice were placed in the conditioning chamber and were allowed to explore for 5 min. Behavioral freezing was manually counted by an observer blinded to the previous treatments.
Electrolytic lesions
C57BL/6J male and female mice (10 -20 weeks old) were anesthetized with avertin (tribromoethanol, 20 mg/ml) and placed in a stereotaxic device (David Kopf Instruments). A small hole was made in the skull with a dental drill. Electrolytic lesions were made in the mediodorsal thalamus (MD) (anteroposterior, Ϫ1.46; lateral, Ϫ0.25; ventral, 3 .3 mm) with monopolar electrodes (stainless steel insulated with Epoxylite, Am Systems). Electrolytic lesions were made by passing a DC current (10 mA; A365, World Precision Instruments) for 15 s. A piece of Co-wire (Alfa Aesar) was then implanted in the right PFC. The epidural electrodes were implanted as described for the cobalt model of PFC damage. After 4 d of recovery, the EEG signal was acquired for 30 d. After EEG recordings, animals were humanely killed by an overdose of avertin and fixed with 10% formalin. Brain slices (40 M) were cut on a cryostat and stained with cresyl violet. 
Pharmacological analyses
Bicuculline methobromide test. C57BL/6J male and female mice (10 -20 weeks old) were prepared for injection of bicuculline methobromide (BMB). Under avertin (0.2%) anesthesia (tribromoethanol, 20 mg/ml, i.p.), electrolytic lesions were made in the contralateral and ipsilateral sides of the MD thalamus. After 4 d of recovery, the EEG signal was acquired for 2 h, during which BMB (30 mg/kg) was injected intraperitoneally.
Antiepileptic drug test. C57BL/6J male and female mice (10 -20 weeks old) were prepared for injection of ethosuximide (Coulter et al., 1989) . Basal EEG activity was recorded for 8 Ϯ 1.1 d after Co-wire implantation. After intraperitoneal injection of ethosuximide (150 mg/kg), the EEG signal was acquired for 2 h. Zonisamide (60 mg/kg)and phenytoin (100 mg/kg) were injected to test the effect on frontal seizure spikes.
Multiunit recording
C57BL/6J male and female mice (10 -20 weeks old) were anesthetized with avertin (tribromoethanol, 20 mg/ml) and placed in a stereotaxic device (David Kopf instruments). A piece of Co-wire (Alfa Aesar) was then implanted in the right PFC (anteroposterior, 2.6 mm; lateral, 1.8 mm; ventral, 1.3 mm). After 4.2 Ϯ 0.2 d, and 9.2 Ϯ 0.2 d after cobalt implantation, mice were anesthetized by intraperitoneal injection of urethane (under light anesthesia; 1.35 g/kg) and placed in a stereotaxic device (Thomas RECORDING). The temperature was maintained at 37°C using a homothermic blanket system (Harvard Apparatus). A single incision was made in the scalp, the skull was exposed, and a hole made in the skull above the region where the MD nuclei are located. Quartz-coated tetrodes (0.5-2 M⍀; Thomas RECORDING) were positioned in the MD regions (anteroposterior, Ϫ1.46 mm; lateral, Ϫ0.25 mm; ventral, 3.1-3.3 mm). Signals were amplified ϳ95-fold and bandpass filtered at 300 -5000 Hz (for the measurement of multiunit activity) or at 0.50 -50 Hz [for the measurement of local field potential (LFP)] by an AC amplifier (PGMA, Thomas RECORDING) digitized at the 10 kHz sampling rate (DT3010, Neuralynx). A burst was defined by the following criteria in NeuroExplorer (version 4): maximum interval to start burst (i.e., the first interspike interval within a burst) must be Յ6 ms; maximum interval to end burst, 10 ms; minimum interval between bursts, 200 ms; minimum duration of burst, 4 ms; and minimum number of spikes within a burst, two. Low threshold spike bursts were defined by a preceding silent period Ͼ100 ms, high-frequency spikes of 200 -400 Hz with more than two spikes, a shortening of the first interspike interval (1-4 ms), and a progressive prolongation of successive interspike intervals, as described previously (Guido et al., 1992; Kim et al., 2003) .
In vivo transduction of lentivirus
A lentiviral vector expressing short hairpin RNA (shRNA) to target the Ca V 3.1 T-type calcium channel was constructed. A synthetic doubleoligonucleotide (5Ј-CGGAATTCCGGGAAGATCGTAGATA GCAAAttcaagagaTTTGCTATCTACGATCTTCTTTTTGATATCTAGACA-3Ј) was inserted into the shLentisyn3.4G lentiviral vector. The shLentisyn3.4G lentiviral vector was designed to express shRNAs from the U6 promoter and to express enhanced green fluorescent protein from the synapsin promoter. The target sequences did not overlap with any mRNAs in the database of the National Center for Biotechnology Information, other than Ca V 3.1. A scrambled version of the Ca V 3.1 shRNA oligonucleotide (5Ј-CGGAATTC-CGGGTAAGTGAA CTGACAAGAAttcaagaga TTCTTGTCAGTTCACT-TACT TTTTGATATCTAGACA-3Ј) was also inserted into the shLentisyn3.4G vector and used as a control. This sequence did not have homology to any known mammalian genes. The recombinant lentiviral vectors were produced and concentrated commercially (Macrogen LentiVector Institute). We used lentivirus titers of ϳ2 ϫ 10 6 transduction units/ml. The solution containing the viruses carrying the Ca V 3.1 shRNA or the scrambled control were injected into the ipsilateral MD with Nanofil 33G blunt needles and a Nanofil syringe (World Precision Instruments) using a micro syringe pump (Eicom). Seven days after viral transduction, a Co-wire with epidural electrodes for EEG recordings were implanted as described above. EEG signals were acquired for 30 d with video monitoring.
Immunohistochemistry
After EEG recordings, mice were anesthetized with avertin (tribromoethanol, 20 mg/ml) and perfused transcardially with heparin solution (10 units/ml) followed by 4% formaldehyde dissolved in PBS. For Ca V 3.1 immunohistochemistry, cryostat sections were prepared. Brain slices (20 m) were incubated with Ca V 3.1 primary antibody (Alomone Labs), followed by avidin-biotin-peroxidase complex. The brain slices were visualized under a ScanScope CS/GL scanner (ss5060, Aperio Technologies).
Patch-clamping
Seven to 10 d after infection with lentiviruses harboring shC or sh3.1, mice (postnatal day 19 -21) were intracardially perfused with an ice-cold solution containing 125 mM choline-Cl, 3.0 mM KCl, 1.25 mM NaH 2 PO 4 , 25 mM NaHCO 3 , 1.0 mM Ca Cl 2 , 7.0 mM MgCl 2 , 10 mM dextrose, 1.3 mM ascorbate acid, and 3.0 mM pyruvate (bubbled with 95% O 2 /5% CO 2 ). The brain was then rapidly removed, and slices (350 m thick) were made with a vibratome (Leica Microsystems). After incubation for at least 45 min in 32°C, slices were kept at room temperature in a holding chamber until they were transferred to a submersion-type recording chamber held at room temperature. The solution used for slice incubation contained 130 mM NaCl, 3.0 mM KCl, 2.0 mM MgCl 2 , 2.0 mM CaCl 2 , 1.25 mM NaH 2 PO 4 , 26 mM NaHCO 3 , and 10 mM glucose. After rupturing the MD neurons, cells were maintained at Ϫ60 mV and the recording solution was substituted with Ca 2ϩ current recording solution composed of 115 mM NaCl, 3.0 mM KCl, 10 mM sucrose, 10 mM glucose, 26 mM NaHCO 3 , 2 mM MgCl 2 , 2.5 mM CaCl 2 , 0.5 mM 4-aminopyridine, 5 mM CsCl, 10 mM tetraethylammonium-Cl (TEA-Cl), and 0.001 mM TTX, pH 7.4 (gassed with 95% O 2 /5% CO 2 ). The intracellular pipette solution contained 78 mM Cs-gluconate, 20 mM HEPES, 10 mM BAPTA-Cs 4 (cellimpermeant), 0.5 mM CaCl 2 , 1.0 mM MgCl 2 , 4 mM Mg-ATP, 0.3 mM GTP-Tris, 6 mM phosphocreatine (Di-Tris salt), 4.0 mM NaCl, and 20 mM TEA-Cl, pH 7.3 (titrated with CsOH). Standard voltage protocols for inducing T-currents were applied (Perez-Reyes, 2003) . Only cells with low membrane capacitance (40 -100 pF) and high membrane resistance (Ͻ400 M⍀) were included in the analysis.
Data analysis
Coherence analysis. The signals Ͼ600 s were analyzed to measure the coherence coefficients between PFC and MD thalamus. Bicoherence was analyzed using the higher-order spectral analysis toolbox and Matlab R2008a (Chua et al., 2007) .
Granger causality analysis. Granger causality (GC) analysis was used to analyze the strength and direction of functional connectivity between the right frontal cortex (F R ) and MD thalamus. The GC analysis uses the prediction error in autoregressive (AR) modeling of the signal. It can be determined whether signal y influences signal x by comparing the prediction error of x obtained from AR modeling with the prediction error of x obtained from joint AR modeling of x and y. That is, when y influences x, the prediction error is significantly decreased for the joint AR modeling. This is quantified by the following relative prediction improvement, called the Granger-Sargent statistic:
Here, x 2 is the mean-squared prediction error of the univariate AR model of x, and xy 2 is the multivariate mean error of predicting x obtained from the joint AR model of x and y. When the xy 2 2 is much less than x 2 , the value of S yx 2 becomes large, and it can be assumed that signal y influences signal x. The AR model order was determined from Bayesian information criteria considering the tradeoff between the number of model parameters and the accuracy of prediction (Pereda et al., 2005) . For the GC analysis, it is essential to determine the epoch in which the signal can be assumed to be stationary (Granger, 1969) . We could verify this and obtained reliable AR models using 5 s segmentation of our data. Therefore, the signals within 600 s were segmented into 5 s epochs (Sitnikova et al., 2008) .
Event detection. For detection of spikes, Clampfit 9.2 (Molecular Devices) was used. Template search analysis was used to obtain the number and property of each spike.
Unit (pixel) analysis. For measuring the level of knockdown after transfection of shRNA, a Positive Pixel Count Algorithm (Aperio) was used. All data were analyzed using the t test, ANOVA, and the SigmaStat 3.1 software package (SPSS), followed by analysis using the post hoc Holm-Sidak test.
Results
Hypoxia-like damages in the PFC lesions by Co-wire implantation
To induce frontal lobe-specific damage, we implanted a Co-wire into the right PFC of adult mice. After 5 d of implantation, a bloody scar reflecting angiogenesis was formed where Co-wire had been implanted, but this was not found in mice with a tungsten (W)-wire implantation (Fig. 1a) . T2-weighted magnetic resonance imaging (MRI) showed that Co-wire implantation led to more profound damage in the PFC than W-wire (Fig.1a) (tungsten, n ϭ 4; cobalt, n ϭ 4). Such damage was limited to the right frontal cortex, while no damage signals were found in the left frontal cortex and temporal cortex ( Fig. 1a; supplemental Fig. S1 , available at www.jneurosci.org as supplemental material). The damaged area detected in MR images was further characterized by hematoxylin/eosin staining, and we found that Co-wire implantation resulted in clear signs of hypoxic damage as measured by the increase of ghost cells (Ito et al., 2006) and inflammatory angiogenesis (Sharp and Bernaudin, 2004) visualized by blood vessels filled with red blood cells (RBCs) (Fig. 1b,c; supplemental Fig. S2a , available at www.jneurosci.org as supplemental material) (nonlesion control, n ϭ 3; tungsten, n ϭ 3; cobalt, n ϭ 4; p Ͻ 0.05).
To measure the Co-wire-induced damage at molecular level, we examined vascular endothelial growth factor (VEGF), a key angiogenic modulator in response to hypoxia (Sharp and Bernaudin, 2004) and found that VEGF proteins were significantly increased in the PFC 5 d after Co-wire implantation when compared with tungsten-wire-implanted groups ( Fig. 1d ; supplemental Fig. S2b , available at www.jneurosci.org as supplemental material) (nonlesion control, n ϭ 2; tungsten, n ϭ 4, cobalt, n ϭ 3). These results suggest that Co-wire led to a hypoxia-like damage in the PFC. Co-wire-induced damage in the PFC leads to abnormal hyperactivities with stereotypic circling Next, we wondered whether the Co-wireinduced PFC damage caused behavioral abnormalities known to be reported in patients with PFC dysfunctions (Benson, 1991; Helmstaedter, 2001; Patrikelis et al., 2009 ). An open-field test revealed a progressive development of hyperactivity (Fig. 2a,c) (control, n ϭ 6; cobalt Յ6 d, n ϭ 5; cobalt Յ14 d, n ϭ 5; cobalt Ն28 d, n ϭ 9; two-way ANOVA, F (3, 192) ϭ 30.018, p Ͻ 0.001; two-tailed t test, p Ͻ 0.05) when compared with control mice. In addition, they showed a decreased exploration in center areas of an open-field box (Fig. 2b,d) Kates et al., 2005; Gilby, 2008) . Consistently, they also showed reduced learning in a fear-conditioning experiment (supplemental Fig. S3 , available at www.jneurosci.org as supplemental material) (two-tailed t test, context, p Ͻ 0.01; cue, p Ͻ 0.05), which requires careful attention to cue or contextual stimuli (Armony and Dolan, 2002; Han et al., 2003) . These results suggest that the implantation of a Co-wire in the PFC leads to behavioral abnormalities similar to those found in ADHD (Davids et al., 2003) and FLE childhood (Hernandez et al., 2001; Gonzalez-Heydrich et al., 2007) .
Co-wire-induced damage in the PFC leads to frontal lobe epilepsy
Since frontal lobe dysfunctions are associated with abnormal frontal lobe rhythms (Elbert et al., 1992; Barry et al., 2003) we tried to examine cortical electroencephalogram (EEG) and LFPs of MD thalamus (supplemental Fig. S4a , available at www.jneurosci.org as supplemental material). Approximately 5 to 6 d after Co-wire implantation in the right PFC (5.8 Ϯ 0.7 d on average), the right frontal lobe showed single spike activities (Fig. 3a) . However, other wires, made with metals such as tungsten, copper, and aluminum, did not induce seizure spikes when implanted in the PFC during the whole recording period (supplemental Figs. S4c, Fig. S5a , available at www.jneurosci.org as supplemental material) (cobalt, n ϭ 10; tungsten, n ϭ 4; copper, n ϭ 4; aluminum, n ϭ 3). Nine to 10 d after (9.0 Ϯ 1.2 d on average), the frontal seizure spikes were propagated to the left frontal lobe and to the MD thalamus (Fig. 3a) . The frontal lobe-specific spikes were continuously examined during the whole recording period (Fig. 4a) , although the peak frequency of single-spike activities became faster as time passed by (supplemental Fig. S5b , available at www.jneurosci.org as supplemental material). Between 11 and 30 d postimplantation, mice intermittently showed a secondary generalization of single spikes (onset, 11.2 Ϯ 1.4 d on average) or ictal discharges with whole-body convulsions (onset, 18.1 Ϯ 2.5 d on average) (Fig. 3a) .
By administration of HT (Walton and Treiman, 1988 ) at a subconvulsive dose (550 mg/kg), the corticothalamic and corticocortical propagation of seizure spikes from the PFC with intermittent secondary generalizations was facilitated within an hour with a similar pattern (Figs. 3b, 4b) (n ϭ 12) . At that dose of HT, mice without Co-wire implantation did not show any seizure spikes (supplemental Fig. S6 , available at www.jneurosci.org as supplemental material) (n ϭ 5). Thus, the development of frontal lobe seizures in the Co-wire model seems to be activity-and neural pathway-dependent but not due to the time-dependent diffusion of Co ions from the PFC to the MD or other brain regions.
Since frontal lobe-specific seizure with secondary generalization is a well known symptom found in patients with FLE (Kellinghaus and Lü ders, 2004), we tested whether the Co-wireinduced seizures could be inhibited by anti-FLE drugs including zonisamide and phenytoin. Systemic administration of FLE drugs robustly abolished the Co-wire-induced seizures (Fig.  4c,d ). In addition, we found that ethosuximide, a drug for absence seizures known to inhibit thalamic burst firings (Coulter et al., 1989) , also suppressed the Co-wire-induced seizure spikes (8 Ϯ 1.1 d after Co-wire implantation) (Fig. 4d ) (vehicle group, n ϭ 4; zonisamide group, n ϭ 3; phenytoin group, n ϭ 3; ethosuximide group, n ϭ 5; p Ͻ 0.05) (Frampton and Scott, 2005) . These results suggest that the PFC damage by Co-wire leads to FLE in mice. In addition, the development of FLE in this model is temporally associated with the progressive increase of abnormal hyperactivities in this model (Fig. 2) . Consistently, the abnormal hyperactivity has been reported in patients with FLE (Helmstaedter, 2001 ).
Lesions in the MD inhibit the onset of frontal lobe-specific spikes
The propagation of seizure spikes to the MD and the suppression of seizures by ethosuximide suggested a possibility that the thalamus is involved in the development of FLE. To address this issue, we examined the Co-wire-induced FLE in mice with a right lesion in the MD (Fig. 5a ) and found that they were resistant to the generation of frontal spikes (Fig.  5b ,c) (6 d after Co-wire implantation; contralateral, n ϭ 5; ipsilateral, n ϭ 5; two-tailed t test, p Ͻ 0.01) and secondary generalizations when compared with the left MD lesion. The right MD lesion, however, showed no effects on cortical seizures induced by BMB (30 mg/kg), a GABA A antagonist, which induces cortical seizures through thalamus-independent mechanisms (Steriade and Contreras, 1998) (Fig. 5b,c) (two-tailed t test, p Ͼ 0.05). These results suggest that the development of Co-wire-induced FLE demands the role of thalamic neurons. The hemisphere-specific interactions between the MD and PFC neurons through reciprocal connections (Kuroda et al., 1993) seem to be critical.
Coherence between the PFC and MD was increased before the onset of frontal-lobe-specific spikes To probe the PFC-MD interactions, we tried to measure the activity coherence between the two nuclei during the development of frontal spikes. The bicoherence between the two regions reached a peak around theta frequencies before the onset of seizure spikes (4.2 Ϯ 0.3 d on average) (Fig. 6a,b,d ) (control, n ϭ 3; cobalt, n ϭ 5; two-tailed t test, p Ͻ 0.05). As frontal spikes were initiated and their interevent interval (IEI) was increased, the theta coherence between the two regions was decreased (IEI Ͼ2, 5.8 Ϯ 0.2 d on average; IEI Յ1.5, 7.6 Ϯ 0.5 d on average) (Fig.  6a,b,d ) (control, n ϭ 3; cobalt, n ϭ 5; twotailed t test, p Ͻ 0.01). To test the strength of the thalamocortical feedback in response to the corticothalamic drive before and after the onset of frontal spikes, Granger causality analysis was performed between MD and PFC. Consistent with coherence analysis, the MD-PFC interaction was increased before the onset of frontal spikes (4.2 Ϯ 0.3 d after Co-wire implantation) ( Fig. 6c ; supplemental Table S1, available at www.jneurosci.org as supplemental material). These results suggest that the resonant cross talk between the MD and the PFC at theta frequencies preceded the onset of frontal lobe spikes.
Enhanced burst mode firing in the MD around the onset of FLE-like symptoms
Considering a previous study that thalamic burst firings are involved in the generation of thalamocortical interactions (Jeanmonod et al., 1996 (Jeanmonod et al., , 2001 , we examined the firing mode of MD neurons in our model by in vivo extracellular recordings of the MD under partial urethane anesthesia (1.35 mg/kg). Before the onset of frontal lobe spikes (4.2 Ϯ 0.2 d after Co-wire implantation), low-threshold burst spikes known to depend on the activation of T-type Ca 2ϩ channels (Perez-Reyes et al., 1998; Llinás et al., 1999) significantly increased in the MD without changes in tonic spike activity (Fig. 7) . In the period when the faster frontal spikes fully developed (9.0 Ϯ 0.2 d after Co-wire implantation), burst spikes were decreased to the level of control group (Fig. 7b) [control, n ϭ 14; before, n ϭ 18; spike (IEI Յ1.5), n ϭ 12; oneway ANOVA: burst, p Ͻ 0.05; tonic, p Ͼ 0.05]. These results suggest that burst firings of MD neurons support the PFC-MD cross talks at theta frequencies that are increased before the onset of frontal spikes (Fig. 6 ).
FLE-like symptoms are abolished by either knockout or region-specific knockdown of the Ca V 3.1 gene in the MD Considering that Ca V 3.1 is the major T-type Ca 2ϩ channel subunit that supports burst firings in the thalamocortical relay neurons (Crunelli et al., 1989) , we introduced lentiviruses harboring Ca V 3.1-specific shRNA into the MD; this infection significantly reduced Ca V 3.1 proteins and T-type Ca 2ϩ currents in the MD neurons ( Fig. 8a,b; supplemental Table S2 , available at www. jneurosci.org as supplemental material) [lentivirus harboring shRNA-Control (shC), n ϭ 5; lentivirus harboring shRNA Cav3.1 (sh3.1), n ϭ 5; two-tailed Ϯ test, p Ͻ 0.05]. Knockdown of Ca V 3.1 in the MD also significantly ameliorated neurological and behavioral abnormalities found in this model. The PFC power at theta range and MD-PFC cross talk was significantly decreased before spiking (4.6 Ϯ 0.2 d) ( Fig. 8c,d ; supplemental Fig.  S7 , available at www.jneurosci.org as supplemental material) (shC, n ϭ 5; sh3.1, n ϭ 3; two-tailed t test, p Ͻ 0.01), compared with the control group. The number of frontal lobe-specific spikes on day 6 was decreased, compared with the control group (Fig. 8e,f ) (shC, n ϭ 5; sh3.1, n ϭ 5; two-tailed t test, p Ͻ 0.05). MD-specific knockdown of the Ca V 3.1 gene also ameliorated the locomotor hyperactivity seen in the model (Fig. 8g,h ) (shC, n ϭ 6; sh3.1, n ϭ 5; two-tailed t test, p Ͻ 0.01).
In addition, the therapeutic effect of the MD-specific knockdown of the Ca V 3.1 gene on FLE-like symptoms was also observed after knockout of the gene (Ca V 3.1 Ϫ/Ϫ ), which is known to abolish burst spikes in the thalamus (Kim et al., 2001) . Ca V 3.1 Ϫ/Ϫ mice showed reduced MD-PFC interactions at theta frequencies (supplemental Fig. S8a , available at www. jneurosci.org as supplemental material) (Ca V 3.1 ϩ/ϩ , n ϭ 6; Ca V 3.1 Ϫ/Ϫ , n ϭ 5; two-tailed t test, p Ͻ 0.01), a lack of frontal lobe-specific spikes after the onset of spiking, and an absence of locomotor hyperactivity (6 d after Co-wire implantation) (supplemental Fig. S8b ,c, available at www.jneurosci.org as supplemental material) (Ca V 3.1 ϩ/ϩ , n ϭ 5; Ca V 3.1 Ϫ/Ϫ , n ϭ 4; two-way ANOVA, p Ͻ 0.001).
Discussion
Since the first report on Phineas Gage, who suffered a severe frontal lobe injury in 1848 (Damasio et al., 1994; Macmillan, 2002) , frontal lobe dysfunction characterized by a spectrum of cognitive impairments such as hyperactivity, inattention, impulsiveness, and, in severe cases, personality changes (Mateer and Williams, 1991; Owen et al., 1993; Rolls et al., 1994; Daffner et al., 2000) has been reported in patients with autism, schizophrenia, ADHD, and FLE (Levin, 1984; Benson, 1991; Gedye, 1991; Shue and Douglas, 1992; Niedermeyer, 1998; Kellinghaus and Lüders, 2004; Yoon et al., 2008) . Here, we demonstrate that the implantation of Co-wire in the PFC in mice leads to neurological and behavioral abnormalities that have been reported in patients with FLE (Helmstaedter, 2001; Kellinghaus and Lüders, 2004) .
FLE does not usually cause severe convulsions, despite frontallobe-specific spikes. Instead, patients with FLE show cognitive dysfunctions that have been reported in other neuropsychiatric disorders (Stores et al., 1991; Scheffer et al., 1995; Jobst and Williamson, 2005; Hermann et al., 2007) . It is unclear how a local seizure is initiated in the frontal cortex and then leads to complex behavioral abnormalities. One of the obstacles to addressing this issue has been the lack of robust experimental models that allow researchers to induce frontal-lobe-specific spikes. In this study, we established a Co-wire model of PFC damage, which leads to neurological and behavioral symptoms that have been reported in patients with FLE (Figs. 2, 3) , and found that the activation of thalamic T-type Ca 2ϩ channels within the MD is critical for the onset of FLE (Figs. 7, 8) .
PFC damage by Co-wire implantation mimics hypoxic conditions including increased neuronal death, ghost cells ( Fig. 1b; supplemental Fig. S2a , available at www.jneurosci.org as supplemental material), and enhanced VEGF expression (Fig. 1d) . In addition to VEGF, hypoxia induces many other molecules including Hif-1, Glut1, and lactate dehydrogenase A (Sharp and Bernaudin, 2004) . It has been well known that hypoxic stress on brain slices increases a transient neuronal excitability as measured by EPSPs (Luhmann and Heinemann, 1992; Jensen et al., 1998) . Those molecular and physiological changes in hypoxia-like states may lead to a local excitability of PFC neurons, which then stimulates MD neurons via corticothalamic pathways (Kuroda et al., 1993) , although it remains to be studied how the Co-wire-induced damage triggers the local excitability of PFC neurons.
In this model, our results suggest that the activation of thalamic T-type Ca 2ϩ channels within the MD is critical for the Figure 8 . Frontal lobe-specific oscillations and increased thalamocortical interaction at theta range with locomotor hyperactivity were abolished by a region-specific knockdown of the Ca V 3.1 gene in the MD. a, Lentivirus harboring Ca V 3.1-specific shRNA led to the reduction of T-type Ca 2ϩ currents in MD neurons. Insets indicate infected neuron visualized with green fluorescence. b, Quantified T-current amplitude in both groups. *p Ͻ 0.05. c, Averaged bicoherence analysis between the PFC and MD in shC-and sh3.1-transfected group with Co-wire implantation (4.6 Ϯ 0.2 d after cobalt implanted). Gray dotted lines show the range of theta frequency (4 -7 Hz). d, The theta frequency of PFC was also decreased in the sh3.1 group, compared with shC group (4.6 Ϯ 0.2 d after cobalt implanted). e, Representative EEG traces 6 d after Co-wire was implanted. f, The comparision of spike events between the shC/sh3.1 group,6 d after Co-wire implantation. g, The example of locomotor patterns of the sh3.1 group and control group during the first 5 min (5 min) and last 5 min (60 min) of a 60 min recording, 6 d after Co-wire implantation. h, The sh3.1 group showed decreased hyperactivity, compared with shC group (6 d after cobalt wire was implanted). *p Ͻ 0.05. Data represent means Ϯ SEM.
onset of FLE (Figs. 5-8) . In contrast to our results, other studies show that the involvement of thalamic T-type Ca 2ϩ channels in cortically induced seizures is not required, since the induction of cortical seizures by local injection of BMB is not associated with thalamic functions (Neckelmann et al., 1998; Steriade and Contreras, 1998; Destexhe et al., 1999) . This difference can be explained, in part, by the capacity of BMB to directly increase the synchronous seizure spikes in cortical neurons (Gutnick et al., 1982) . PFC damage caused by Co-wire, however, may not be enough to induce cortical synchrony, but may also require thalamic bursting activity modulated by T-type Ca 2ϩ channels. How can PFC damage cause activation of thalamic T-type Ca 2ϩ channels? From an anatomical perspective, PFC neurons can stimulate two types of thalamic neurons [thalamocortical relay and GABAergic nucleus reticularis thalami (nRT) neurons] through reciprocal connections (Groenewegen, 1988; Huguenard and Prince, 1994; Zikopoulos and Barbas, 2006) . The GABA neurotransmitter released into the MD by nRT neurons may be involved in de-inactivation mechanisms that allow T-type Ca 2ϩ channels to be easily activated in response to excitatory inputs (Crunelli and Leresche, 1991; Cox et al., 1997) . Consistent with this idea, both the corticothalamic and thalamocortical drives increased together (Fig. 6c) and at the same time as the lowthreshold burst spikes of MD neurons were enhanced (Fig. 7) , which reflects the activation of T-type Ca 2ϩ channels (Huguenard, 1996; Kim et al., 2001; Crunelli and Leresche, 2002; Lee et al., 2004; Ernst et al., 2009) . Since the thalamic burst spikes are known to be efficient in stimulating postsynaptic neurons (Lisman, 1997), the activation of T-type Ca 2ϩ channels in the MD may specifically stimulate PFC neurons, thereby enhancing MD-PFC cross talk and leading to frontal lobe-specific seizures at the EEG level (Fig. 6) .
In addition, thalamic burst spiking is thought to be a sensory gating mechanism, which can terminate the relay of sensory information to the cortex (McCormick and Bal, 1994) . In this regard, it is plausible that the selective increases in burst spikes in the MD neurons cause disturbances in the processing of information in the MD-PFC pathways, leading to frontal lobe dysfunction. Therefore, the inhibition of thalamic T-type Ca 2ϩ channels (Fig. 8) or drugs that weaken the thalamocortical interactions may be a novel option for preventing further cognitive dysfunction in patients with irreversible cortical damage. Consistent with this, ethosuximide, a T-type Ca 2ϩ channel blocker used to treat absence seizures, efficiently abolished the onset of FLE in our model (Fig. 4d) (ethosuximide, n ϭ 5; p Ͻ 0.01).
Finally, our results suggest a two-step model of PFC dysfunction in which the response to a lesion in the PFC results in abnormal thalamocortical feedback driven by thalamic T-type Ca 2ϩ channels, which, in turn, leads to the onset of neurological and behavioral abnormalities. This model neatly explains why the progressive development of cortical dysfunction in patients with a lesion in the PFC takes time (Grattan and Eslinger, 1992; Anderson et al., 2000; McKinlay et al., 2002; Englander et al., 2003) and how the thalamus contributes to attention span when patients are awake, which is a controversial issue (Crick, 1984; Steriade et al., 1993; Sherman, 2001) .
